ABSTRACT
INTRODUCTION
Transient inrush currents appear during the energisation of power transformers and can exceed many times its rated current. In worst case their peak values are in the same region as the short-circuit current of the transformer and the transients reach the steady-state magnetising current only after a few seconds while in best case no inrush currents emerge at all. Thereby, the peak value of the inrush current not only depends on the switching instant but also on the residual flux value and on the saturation characteristic of the transformer core. With typical residual fluxes up to 0.85 pu and worst-case switching instant the magnetic flux reaches a maximum value of 2.85 pu ( [1] ). This is far above the saturation point of the core magnetisation characteristic (typically in the region of 1.125 -1.25 pu, [2] ) and therefore, the core will completely be driven into saturation which leads to high inrush currents. Another phenomenon that occurs during the energisation of any element is the switching impulse. Due to the breakdown of the dielectric gap between circuit-breaker contacts during closing operation, a prestrike occurs. This results in a switching impulse whose voltage wave front enters the element to be switched and dielectrically stresses it.
EFFECTS OF TRANSIENTS DURING ENERGISATION
Several undesired effects occur due to the inrush currents and their harmonics ( [3] ) as well as due to the voltage wave fronts that affect the transformer, the grid and the network protection schemes (false tripping of protective relays).
Current Forces in the Transformer Windings
Inrush currents cause high mechanical current forces in the transformer windings that possibly reduce its lifecycle. A frequent reason for failures is the wear of insulation due to vibrations that significantly occur at high currents, e.g. inrush currents. Normally, the forces that occur during short-circuit are used to dimension the mechanical strength of the insulation. Steurer and Fröhlich compared the electro-dynamic forces in the windings during short-circuit and inrush and showed that they are in the same region ( [4] ). While a short-circuit current is interrupted after some tens of ms, inrush currents are weakly damped and can last for some seconds which results in much longer vibrations. Thus, frequent no-load energisation of power transformers leads to a higher potential of permanent mechanical damage of the winding insulation and thus to a higher risk of premature failures.
Dielectric Stress of Transformer Insulation
Especially with SF 6 and vacuum circuit-breakers, uncontrolled switching is a potential source of very fast transients ( [5] ). Due to their cumulative effect on the dielectric ageing of the transformer winding insulation, these transients may be responsible for premature failures. Several utilities reported much higher failure rates of UHV transformers and high failure rates shortly after installation without occurrence of a lightning or short-circuit event ( [6] , [7] ). Most likely, these failures result from dielectric failure mechanisms that emerge from internal voltage oscillations between individual windings. These oscillations are excited by switching transients (voltage wave fronts) and thus, multiple transformer energisation has a significant effect on the appearance of failures as could be shown in [5] .
Temporary Overvoltages (TOVs)
In several cases severe TOVs were measured during the energisation of transformers ([8] - [11] ) and its amplitude is big enough, the oscillating circuit will be excited permanently. This causes TOVs in the range of 1.5 -2.0 pu with duration of some 100 periods. Thus, TOVs not only stress the transformer insulation but also the surge arresters that can be thermally destroyed due to repetitive actuation.
PURPOSE OF THE NEW STRATEGY
To date, controlled switching taking into account the residual flux is the most promising method to reduce the adverse effects during transformer energisation ( [1] ). This strategy completely eliminates the inrush currents whereby current forces in the transformer windings and TOVs are avoided. Unfortunately, no active control of the voltage wave front amplitude is possible with this algorithm and almost all residual flux patterns cause significant voltage wave fronts that lead to dielectric stress in the transformer winding insulation. Nevertheless, a specific reduction of the voltage wave front amplitude is desirable to reduce the dielectric stress in the transformer coil. This has to be achieved by tolerating a moderate inrush current. If the amplitude of the inrush current is small, no significant current forces will arise; furthermore the amplitudes of the harmonics will be too little to excite TOVs. Thus, an inrush current of 1 pu can be tolerated to obtain the necessary degree of freedom for reducing the amplitude of the voltage wave front without generating noteworthy stresses because of inrush currents (current forces, TOVs). Based on this knowledge, the algorithm of Brunke and Fröhlich ( [1] ) was modified so that a combined reduction of all stresses due to inrush current and voltage wave front can be achieved. The proposed algorithm reduces the amplitude of the voltage wave front by tolerating a maximum inrush current peak of 1 pu.
SIMULATION SETUP
The new strategy is used with transformers of the power transmission level. Ref. [12] and [13] showed that these transformers are typically built as separate winding transformers with a three-legged stacked core. At least one winding is star-connected and it is assumed that the transformer is energised from this side at no-load operation. Therefore, systematic energisation studies were carried out using a three-legged 400 kVA dry-type distribution transformer whose construction data was available and whose properties are similar to the ones of the transformers on the transmission level ( Table 1) . The transformer was modelled in EMTP-ATP using the principle of duality and type-96 elements to properly represent the magnetic behaviour of the iron core. Besides a correct representation of the magnetic coupling in the core, the leakage inductance significantly influences the performance of the model. To parameterise the transformer model extended test data as well as construction data were used.
Table 1. Transformer Data
The transformer is connected via ideal circuit-breakers to an ideal voltage source (Figure 1 ). This represents the worst case scenario because the grid inductance is missing and therefore, the inrush current is solely determined by the properties transformer. For evaluating the results, the currents as well as the voltages across the circuit-breakers are measured. 
CONTROLLER

INTERFACE BETWEEN MATLAB AND EMTP-ATP
To identify the optimal closing times for a combined reduction of all stresses, systematic energisation studies were carried out for different combinations of closing times and residual flux values. In principle, only one simulation for a specific combination of closing time and residual flux can be done at once in EMTP-ATP. Hence, a controller interface was implemented in MATLAB that systematically varies the parameters (closing time, residual flux) and finally evaluates the simulation results. The interface first updates the input file for the simulation with the actual closing times and residual flux values. Then, it runs the simulation in EMTP-ATP and imports its results into MATLAB. For each simulation and for each phase, the controller module finally evaluates the maximum inrush current value (inrush current peak) and the voltage across the circuit-breaker immediately before it is closed (amplitude of the voltage wave front) and stores these values in a matrix. A more detailed description of the controller interface can be found in [14] , chapters IV.A, IV.C and IV.D where similar algorithms were used for systematic inrush current studies in the laboratory. Prague, 8- 
RESULTS
It was assumed, that -independent of the residual flux pattern -the first phase to be energised is always the centre phase of the transformer (phase V). Due to the magnetic coupling in the transformer core, the instant of first phase energisation directly influences the behaviour of second and third phase energisation when the "Rapid Closing" strategy is used. Therefore, the results of first phase energisation will be discussed at first and the results have to be used in the simulations of second and third phase energisation. Figure 2 shows the results of the systematic energisation study for the first phase. In the upper graph, it can be seen that no inrush currents occur in the region around 0 ms closing time deviation. This region together with the saturation and the leakage inductance are crucial for the practicability of the new algorithm. If no inrush currents are tolerated, this region is quite narrow whereby no substantial reduction of the voltage wave front amplitude can be achieved. By tolerating an inrush current of 1 pu, much wider regions occur where the evaluation script looks for the minimal voltage wave front amplitude. The corresponding closing time deviation relative to the optimal one according to [1] is noted and corresponds to the optimal closing time for a combined reduction of all stresses that occur during transformer energisation. Figure 3 . The voltage wave front amplitude can completely be eliminated for high absolute residual flux values (> 0.51 pu). Additionally, the inrush currents can be eliminated for absolute residual fluxes higher than 0.76 pu; in this case, the transformer will be energised optimally without any stresses. Unfortunately, these excellent results are only valid for single-phase transformers without interphase coupling. For three-phase transformers, the performance of the other phases has to be taken into account as well. Energisation of all Phases using "Delayed Closing"
Energisation of the first Phase
If "Delayed Closing" is used to energise the second and third phases, the amplitude of the voltage wave fronts can be limited to 0.75 pu for almost all residual flux patterns ( Figure 4 ). For second and third phase, this is a reduction of 11.7 % compared to controlled switching as stated in [1] (voltage wave front amplitude is always 0.867 pu). The voltage wave front amplitude of the first phase can be completely eliminated for residual flux patterns, where the centre leg residual flux is higher than 0.51 pu, whereby the average voltage wave front amplitude can be lowered to 50 %. This is the best result than can be achieved using "Delayed Closing". Therein, the average of the voltage wave front amplitude can be kept below 50 % and the maximum of all phases is 0.7 pu. This corresponds to a reduction of 22 % compared to controlled switching according to [1] (amplitude of the voltage wave front is 0.92 pu in worst case). 
CONCLUSIONS
The proposed algorithm can be used to specifically reduce the amplitude of the voltage wave front that emerges from the switching action. It improves the existing algorithm of Brunke and Fröhlich ( [1] ) so that all stresses that occur during transformer energisation can be reduced. Thereby, a compromise between reducing the voltage wave front amplitude and the amplitude of the inrush current peak has to be found so that all adverse effects during transformer energisation can be significantly reduced respectively eliminated. Nevertheless, a complete elimination of all stresses in each phase is not possible for three-phase transformers that are the most common transformer configurations on the transmission level. Inrush currents of 1 pu can be tolerated because with this amplitude, neither significant current forces in the transformer windings nor temporary overvoltages will occur. By tolerating inrush currents of 1 pu, the amplitude of the voltage wave front can be reduced significantly. Depending on the switching strategy, a reduction of 11.7 % for "Delayed Closing" respectively a reduction of 22 % for "Rapid Closing" can be achieved compared to the values of controlled switching according to [1] . Because these results are solely valid for certain residual flux patterns, this algorithm should be used together with controlled deenergisation by what the residual flux pattern can be set precisely.
